Introduction
There are many studies on the environmental effects of radionuclides released from the Chernobyl accident in 1986. The International Atomic Energy Agency (IAEA) published a summary of the environmental effects of the accident after 20 years in 2006 [1] . With respect to long-term dynamics of fission products in forests, slow migration continues to take place with a great variety of migration rates de- * E-mail: fuji@eng.hokudai.ac.jp pending on soil type and meteorological conditions. It should be noted that while depth distribution profiles of 137 Cs in various soils showed a significant downward migration, much of this nuclide remained within the rooting zone of plants, i.e. the upper portions of the soil.
In our previous study, dynamic processes in the seminatural forest soil environment were investigated using several environmental radionuclides including 137 Cs as radiotracers [2] [3] [4] . We found that the 137 Cs activity concentration in the surface soil was quite different even at similar locations of the forest, and that the observed 137 Cs depth distribution profile could not always be explained by a simple downward migration of this nuclide. One of the major purposes of our study is to elucidate local environments in undisturbed forest soils using several radionuclides such as 14 C, 40 K, 137 Cs, 210 Pb and 222 Rn as tracers [5] . A set of data obtained in various local environments will be compiled to identify the underlying principles controlling distribution of environmental radionuclides.
A fallout nuclide, 137 Cs, is often used as a tracer to establish transportation mechanisms from soil to plant within the realm of radioecological modeling of food chain transfer of anthropogenic radionuclides [6] . It is also a key parameter to evaluate geological phenomena like land slides or sedimentation in aquatic environments. Mabit et al [7] built a reference site in Slovenia for assessing soil erosion processes on soil quality in agricultural land using natural and fallout radionuclides. Among numerous papers published on migration of 137 Cs in soil, Likar et al [8] theoretically investigated diffusion and migration of 137 Cs in undisturbed soil in Slovenia using diffusion-convection model. Clouvas et al [9] further investigated migration of 137 Cs in undisturbed soil in northern Greece for twenty years after the Chernobyl accident to find that vertical migration of 137 Cs was a very slow process with a velocity of ∼0.1 to 0.2 cm y − 1 .
The data on depth distribution profiles of environmental nuclides ( 137 Cs and 210 Pb) are used to estimate the apparent annual burial rate of these nuclides in some cases. The present authors obtained similar values of 137 Cs (and also 210 Pb) burial rate to those reported by Clouvas et al. [9] in undisturbed forest soils from different places in Hokkaido, Japan, Germany, the Czech Republic and Peru [2] [3] [4] . Dynamic processes in soil were investigated using these nuclides of different origin and different chemical properties as radiotracers. A typical fallout nuclide, 137 Cs, was derived from atmospheric nuclear weapons tests until 1963, and from the Chernobyl accident in 1986, whereas most 210 Pb comes from combustion of fossil fuels and, to a lesser extent, from a decay product of long-lived 238 U. With respect to chemical properties, 137 C is an alkaline metal is similar to potassium, and 210 Pb is a heavy metal which forms stable organic complexes. The latter is useful to study the turnover dynamics of the soil organic matter (SOM) which has high affinity with 210 Pb deposited on the ground [10] . This paper is focusing on two environmental radionuclides, 137 Cs and 210 Pb to i) determine and compare their depth distribution profiles in several semi natural forest soils in Slovenia, and ii) estimate apparent burial rates and inventories of these nuclides of different physical and chemical properties in different environments after the nuclide deposition. It is expected that undisturbed forest soils could exhibit short and long-term consequences after local or global disasters like the Chernobyl accident. Figure 1 shows the location map of six forest sites (Žirovski vrh, Idrija, Kočevski Rog, Pohorje, Gorišnica and Rakitna) in Slovenia investigated in this study. Geologically, Idrija (Point 2), Kočevski Rog (Point 3) and Rakitna (Point 6) are carbonates of different age. Other points are sedimentary (siliciclastics), metamorphic (gneiss and schist) and Quaternary fluvial deposits in Žirovski vrh (Point 1), Pohorje (Point 4) and Gorišnica (Point 5), respectively.
Materials and Methods

Description of the sites and soil sampling
Among many factors generally affecting pedological characteristics, the geological foundation and the relief are important factors in Slovenia [11] . Table 1 shows the predominant soil type at each site investigated in this study. The soils at Points 2, 3 and 6 were formed on the carbonate bedrock, and those at Points 1, 4 and 5 on the non-carbonate bedrock. The former (P2, P3, P6) is described as chromic cambisol and rendzina, while the latter is classified as dystic cambisol on silicate rocks and flysch (P1), planosol in clay and sand at (P4), and gleysol and fluvisol on silicate rocks (P5).
It is well known that more than 60 % of the country is covered with forests in which temperate deciduous (beech and oak) and/or coniferous (pine, fir and spruce) trees grow. Koèevski Rog (Point 3) is a protected virgin forest.
Meteorological conditions are quite different depending on geographical and topographical situations at each site [10] . Interaction of three major climate systems (Continental, Alpine and sub-Mediterranean) in the territories of Slovenia strongly influences the country's precipitation regime. The amount of precipitation varies spatially due to an orographic effect. Wind conditions are also important for fates of falling nuclides from the atmosphere, in which western wind passing over the Mediterranean Sea transports various pollutants including 137 Cs and 210 Pb with their abundance declining to the north and south directions. The strongest winds are linked to the passing fronts and Mediterranean cyclones. In addition, there are some regional winds like bora, jugo and the Karavanke föhn [10] . Soil sampling was carried out in August 2008 from six locations shown in Fig. 1 . Description of the site was summarized in Table 1 . From our previous experience on soil sampling in various places, a representative point was set to be on a flat place and not to be too close to the surrounding trees at each site. After drilling a hole of 50 to 60 cm in depth, the vertical cross section was checked to mark the boundary of each soil horizon on the wall of the hole. Samples were then collected manually with a stainless steel trowel and a small shovel at every 2 to 5 cm from the upper most sample down to a depth of about 40 cm, taking special care not to disturb the soil structure.
Most sites investigated in this study were covered with soft and organic soil layers except for those in Kočevski Rog (Point 3) and Pohorje (Point 4). The former (Kočevski Rog) was a natural forest site with underlying stony soil from the carbonaceous bedrock, and the latter (Pohorje) was a light brown, clayey soil. All samples were dried in the air at Jožef Stefan Institute, and then transported to the Hokkaido University after permission by the Ministry of Agriculture, Forestry and Fishery of Japan. After discarding twigs and rocks contained in the soil samples, each sample was disaggregated in a porcelain mortar, and then passed through a 2 mm stainless sieve, homogenized and stored in a plastic container for further analyses.
Soil properties
Several soil properties were investigated including humidity, dry density, ignition weight loss and pH. Soil humidity was measured in the laboratory in Slovenia during the drying process. Ignition weight loss of a sample was obtained after heating at 500
• C for 2 hours. Soil pH was measured in a 1:2.5 (v/v) ratio of soil and aqueous solution with a pH meter (D-51, Horiba, Japan).
Gamma spectrometry
Radioactivity of 40 K, 226 Ra, 210 Pb and 137 Cs was measured by gamma spectrometry with two types of HPGe detector (GEM-25185P and GMX10P, AMETEC, USA). Standard reference materials were purchased from the International Atomic Energy Agency (IAEA Soil-6, IAEA-312 and IAEA-327) to evaluate the activity concentration of individual samples from counting data obtained with the same geometry under identical operating conditions. Energy and efficiency calibrations were periodically carried out as well as background checks calibrations. Precision of the measurement was estimated by considering pertinent photo-peak areas for both samples and the standards. All data except for those on 210 Pb were crosschecked with two different detectors. Table 2 summarizes the minimum detectable activity (MDA) of each nuclide and uncertainty of counting for a sample (approx. 100 g) in a plastic container (100 cm 3 ) for 40 hour counting time with a HPGe detector (GMX10P).
X-ray fluorescence spectrometry
Lead in soil was determined by X-ray fluorescence spectrometry (EDXRF JSX-3220, JEOL, Japan). Each soil sample was heated at 500 for 2 hours to decompose its organic components prior to the EDXRF analysis. A standard addition technique was applied for preparation of calibration samples containing certain amount of a reference material (GSJ-JSO-01) purchased from the National Institute of Advanced Science and Industrial Technology (ASIT, Japan) by adding different amounts of lead nitrate standard solution (Pb 2+ : 1000 ppm).
Among several peaks of lead in X-ray fluorescence spectra, a line corresponding to PbL β (12.61 keV) was used for the soil lead determination, since a PbL α line (10.55 keV) with higher intensity was seriously interfered by the presence of AsK (10.54 keV). Thin aluminum foil of 0.1 mm in thickness was inserted between the sample holder and the detector of the instrument as a secondary filter to prevent a sum peak of iron (12.8 keV). Figure 2 (a, b, c, d) shows the properties (density, humidity, soil organic matter and pH) of the soils investigated in this study. As shown in Fig. 2(a) , dry density generally increases with increasing depth at all the sites. The amount of soil organic matter (SOM) is the highest at topsoil, and then gradually decreases with depth ( Fig. 2(c) ). It should be noted that the soils could be divided into two groups according to their pH values ( Fig.2(d) ). They reflects the underlying geology of the sites in which higher pH (pH 6∼7) is representative of carbonate origin at P2 (Idrija), P3 (Koèevski Rog) and P6 (Rakitna), whereas lower pH values (pH 3∼4) result from siliciclastic rocks at P1 (Žirovski vrh), metamorphic assemblage at P4 (Pohorje) and fluvial deposits at P5 (Gorišnica).
Results and discussion
Soil properties
Depth distribution profiles of 137 Cs
Figure3 shows the result of 137 Cs depth distribution profiles. Surface enrichment of this nuclide appeared at all the sites. The activity concentration is quite different at each site, in which carbonaceous soils at P2, P3 and P6 showed higher concentrations than any other soils at P1, P4 and P5. Mabit et al [7] investigated vertical distribution of 137 Cs in the forest soils at Šalamenci in the north eastern part of Slovenia. They found a maximum activity concentration of 147 Bqkg − 1 with an average of 70 ± 33 Bqkg −1 in the first 10 cm of the soil. They described the value much higher comparing with those obtained from neighboring areas such as Croatia and Vojvodina (Serbia). It is also higher than the value obtained in the upper 15 cm layer of the terra rossa soil (25 ± 3 Bqkg −1 ) in westsouthern Slovenia (close to P2) [13] . As shown in Fig. 3 , referred to the sites, Žirovski vrh, Idrija, Kočevski Rog, Pohorie, Gorišnica and Rakitna, respectively. Carbonaceous soils at P2, P3 and P6 were represented with square symbols, whereas non-carbonaceous soils with circular symbols at P1, P4 and P5.
the present results obtained in 2009 showed still higher values (560 Bqkg − 1 ) than theirs, especially in the surface portion (0-2 cm) at P 6. This discrepancy may result from different depth interval of soil sampling, i.e. ours was the 2 cm interval from the upper-most down to a depth of 12 cm. High 137 Cs concentration in soil (4933 Bq kg −1 ) was also obtained at mountain regions along the coast of the eastern Mediterranean Sea in Syria by Al-Masri et al [14] , who measured several radionuclides including 137 Cs and 210 Pb in two most common mosses (Lycopodium cernuum and Funaria hygrometrica) and also in soil. Karadeniz and Yaprak [15] A maximum concentration appeared around 4-10 cm in depth at P2 of our site, which was a different profile to those in other sites investigated in this study. Similar 137 Cs distribution profiles with a peak at the organic horizon were also observed in several soils under temperate coniferous stands in Germany [2] . Factors affecting 137 Cs distribution in soil after deposition include water movement, sorption to soil components and biological activity such as animal burrowing and plant rooting as well as the radioactive decay itself.
As shown in Fig. 2(c) , the amount of SOM in the surface horizon (2 to 10 cm in depth) at P2 was high (∼30 %) and rather constant with depth except for the upper-most portion (0-2 cm), which is similar to the 137 Cs distribution profile at P2 (Fig. 3) . Major sources of fresh soil organic matter in the forest soil are originally the plant residues like leaves and twigs from the above ground vegetation, and animal residues. This means that the route of fresh SOM input to the ground surface is similar to that of fallout 137 Cs derived from the atmosphere in 1960s and also in 1986. After deposition, their fates should be quite different depending on various environmental factors, which leads to different distribution profiles in deeper portion of the soil for both 137 Cs and SOM. However, similar depth distribution profiles of both components at P2 (Idrija) obtained in this study suggests that 137 Cs may migrate downward together with decomposing SOM within the organic horizon of 4 to 10 cm in depth at this location.
It was found in Fig. 4 that 137 Cs activity is exponentially correlated with the amount of SOM at each site. The correlation coefficients (R) ranged from 0.86 (P1) to 0.98 (P3, P4, P6). This result may support the idea that 137 Cs in soil is greatly affected by the presence of colloidal components and (micro) biological activity, thus SOM in soil [16] . Similar results were obtained in a high Arctic environment, in which soil organic components constitute a significant sink for 137 Cs as well as other radionuclides [17] . Not only SOM but mineral components like micaceous clay minerals also retain 137 Cs within a soil horizon [1] . Much detailed investigation including speciation experiments should be conducted to evaluate the behavior of 137 Cs associated with SOM.
Depth distribution profiles of 210 Pb
The origin of 210 Pb in soil is essentially from radioactive decay of 238 U, a long-lived natural radionuclide in the uranium series, in which there is a gaseous progeny, 222 Rn. Radon-222, radioactive and chemically inert, readily diffuses from soil into the atmosphere. Atmospheric 210 Pb emission is derived from mobile sources (use of lead fuels in automobiles), stationary sources (refining, manufacturing and incineration), with a comparatively small contribution from natural sources like volcanic eruption and aeolian depostion. It means that at least two different sources of 210 Pb exist in the surface soil. One is referred to as supported 210 Pb ( 210 Pb ) that is an "in situ" decay product of 238 U series nuclides in soil, and the other to atmospheric 210 Pb which is referred to as excess 210 Pb ( 210 Pb ). The sum of the supported and excess 210 Pb is hereafter denoted by 210 Pb in this paper. The activity concentration of 210 Pb was estimated by subtracting 226 Ra activity concentration from that of 210 Pb at each depth by assuming that no 222 Rn formed in soil had escaped to the atmosphere.
As shown in Fig.5, depth (Fig. 3) . Surface enrichment of this nuclide was also observed at all the points, and the carbonaceous soils (P2, P3 and P6) had higher 210 Pb activity concentrations in the top soil than the other soils (P1, P4 and P5). Total Pb content of the soil determined with an EDXRF gave similar depth distribution profiles to those of 210 Pb [18] . Figure 6 shows exponential correlations of 210 Pb activity concentration with SOM except for a mineral soil at P5. This is also consistent with the results of 137 Cs cases shown in Fig. 4 210 Pb distribution profiles has been reported by Navas et al [19] , in which they measured 210 Pb as well as other natural gamma emitters in soils in mountain landscapes of the Central Spanish Pyrenees. They attributed variation in radionuclide activities to differences in carbonate content, organic matter and/or grain size. Importance of SOM was indicated by Sipos et al [20] as a complexing agent with lead in forest soil using a sequential extraction technique. They suggested that soil organic matter plays a decisive role in the adsorption of lead in the upper portion of the soil, but the fixation by clay minerals is important in deeper portions. A laboratory study gave an equilibrium complexation constant (log β) of lead with humic acids at pH 4 to 5 and ionic strength I = 0.1 M NaClO 4 to be 5.20 ± 0.08, that indicates strong affinity of lead to humic acids, a predominant component of SOM in soil [21] . These results may support the present findings that 210 Pb would be positively associated with SOM.
Environmental radionuclides and SOM in surface soils
Apparent annual burial rates of 137 Cs and 210 Pb were estimated in the surface 10 to 15 cm by a simple onedimensional mass transfer equation (1) using data on depth distribution profiles of these nuclides shown in Figs. 3 and 5 [2, 3] .
where x, A(x), A 0 , λ and s are soil depth (cm), activity concentration (Bqkg −1 ) at depth x, activity concentration in the uppermost soil layer (x = 0), decay constant and burial rate (cmy −1 ), respectively. A decrease in activity concentration with depth was assumed to result only from downward migration and radioactive decay of the nuclide. In the case of 210 Pb, values of Pb were estimated by subtracting the 226 Ra activity concentration from that of 210 Pb at each depth. It was assumed that this difference ( 210 Pb-226 Ra) is equivalent to Pb supplied from the atmosphere predominantly by combustion of fossil fuels. Contribution of 210 Pb formed from 222 Rn in the atmosphere was not considered to evaluate Pb in this study. Loss of SOM with depth (% SOM cm − 1 ) was calculated for each site, where the amount of SOM in the uppermost soil layer was assumed to correspond to the initial input of fresh organic matter. As listed in Table 3 , the values were between 0.02 (P1, P3, P4, P5)and 0.04 (P2, P6) in SOM % cm −1 . Carbonaceous soils at P2 and P6 gave the same value (∼0.04 % cm − 1 ), both of which were underlying carbonate formation with abundant organic matter in the surface layer under undisturbed beech stands. It is true that loss of SOM is not an exact physical measurement in soil processing, as it is simply a balance between input and output of various organic substances of changing chemical properties with time. However, it is a qualitative method to check its loss rate with those of the 137 Cs and 210 Pb burial, because downward transport of these nuclides as free ions or single particles is not likely in most soil environments.
Annual burial rate of 137 Cs was found to have a positive correlation with that of 210 Pb at the same depth. The values were about 1.3 times higher than those for 210 Pb at all the sites investigated in this study. It is obvious that both nuclides have quite different depositional histories, sources and physicochemical properties, however, lower values of 210 Pb burial rates may be reasonable by considering the properties of lead with divalent positive charge and higher affinity to SOM compared with those of cesium, which like potassium, may be released from decomposing organic components in soil.
Formation of organo-mineral complexes has been reported to protect organic matter from biodegradation and thus is an important SOM stabilizing process [22] . Pan et al [23] investigated formation of organo-mineral complexes using solid/aqueous adsorption experiments. Difficulties arose in evaluating adsorption properties, which were affected by many factors such as particle size, pH and dry-wet cycles of the experiments. ) and then at P6 (9.6 kBqm −2 ), both of which were of carbonaceous soil with abundant SOM (Fig. 2(c) ). The origin of the 137 Cs present in the surface soil was considered the Chernobyl accident, since it took about 50 years since intensive nuclear weapon tests in 1960s. Short-lived 134 Cs was not detected in any of the sites investigated in this study.
The degree of contamination with 137 Cs in forest areas in European countries was reported to be ranging from >10 MBqm −2 in some locations to 10-50 kBqm −2 in several countries in Western Europe [1] . Because of meteorological conditions the resultant 137 Cs contamination in Slovenia differed substantially, being below 5 kBqm −2 near the Adriatic coast in the west-south, about 100 kBqm −2 in the Alpine region in the north and about 25 kBqm −2 in inland areas [13] . The 137 Cs inventory at P2 (21 kBqm −2 ) were consistent with those (about 25 kBqm −2 ) in the category of inland areas. The remaining sites in this study had not been seriously contaminated with 137 Cs compared to other locations of Slovenia.
The accumulation of 210 Pb in the soil surface is a completely different process to that of 137 Cs caused by atomic bomb tests in 1960s and the Chernobyl nuclear accident in 1986. Large fluctuations were reported in atmospheric Pb deposition, which has declined markedly during the last three decades resulting from the phasing out of Pb in gasoline [11] . Table 3 gives the results of 210 Pb inventories, which were obtained by assuming a constant flux of 210 Pb from the atmosphere as of the year 2009. Total Pb content of the topsoil (0-2 cm in depth) was also included in the table. As in the case of 137 Cs, the inventory of 210 Pb was the highest at P2 (21 kBqm −2 ) and then at P6 (4.4 kBqm −2 ) of carbonaceous soils. Exceptionally high Pb was found in the soil at P6, which is located close to Slovenia's capital city, Ljubljana. It should be noted that the total Pb content was not high in the top soil, but the maximum value (61 kBqm −2 ) appeared at deeper portion of the soil (10 cm in depth) reflecting the 210 Pb distribution profile shown in Fig. 5 .
Initial deposition of fallout nuclides on the ground surface depends on many factors including meteorological and topological conditions. As shown in Table 3 , both 137 Cs and 210 Pb inventories were exceptionally large at P2 compared with the other sites, which was consistent with the highest annual precipitation (2300 mm) in Idrija (Table 1) . 210 Pb concentrations matched well (P2»P3>P6>P1>P4>P5) with that of annual precipitation. This indicates that precipitation may be a major factor controlling 210 Pb inventories. In addition to mean precipitation, western wind passing over the Mediterranean Sea transports various pollutants including 137 Cs and 210 Pb with declining strength to the north and south directions [12] . It may be a reason why inventories of 137 Cs and 210 Pb were small at P1 (14 • 05'E, 46
• 05'N) compared with those at P2 (13 • 55'E, 45
• 55'N) despite their close locality. There is a location (Rakitna, P6) along the wind direction, where the inventories of both 137 Cs and 210 Pb were also high, as shown in Table 3 . In addition to the wind direction, extremely high concentration of total Pb at the top soil of P2 may be caused by its location close to the capital city Ljubljana.
Geological background was found to be important for transporting 137 Cs and 210 Pb in this study, because underlying carbonate rocks ubiquitous in Slovenia control many properties of soil, especially pH, that affects chemical speciation of these radionuclides.
Conclusion
Depth distribution profiles of fallout nuclides in forest soils have been found to have potential applicability for estimating underground environmental consequences after deposition, and also evaluating apparent burial rates and inventories of individual nuclides in the surface portions. Apparent annual burial rates were estimated to range from 0.09 to 0.25 cm y − 1 and 0.07 to 0.18 cm y − 1 for 137 Cs and 210 Pb respectively. It is presumed that these nuclides migrate downward with decomposing SOM.
